Onrawee Laguerre, V. Osswald, H.M. Hoang, Isabelle Souchon, Ioan-Cristian Trelea, et al.. Experimental study of airflow and heat transfer above a hot liquid surface simulating a cup of drink. Journal of Food Engineering, Elsevier, 2017, 197, pp.24-33. 10 This work was carried out to study the airflow and heat transfer above a cup of hot drink. The 12 experiment was undertaken in a device in which the air temperature and velocity were 13 controlled representing a room condition. The influence of heat exchange by convection and 14 evaporation between the hot drink (at different temperatures) and air on the velocity and 15 temperature fields above the cup is presented. An experimental methodology was developed 16 to evaluate the heat transfer coefficient between the air and hot drink with and without 17 evaporation. 
profiles. For solid foods, aroma release is often limited by the diffusion inside the food. For 60 liquid foods, especially drinks of low viscosity, release is also controlled by the transport 61 phenomena from the liquid/air interface to surrounding air (Marin et al, 1999) . 62 63
Airflow and heat transfer between object and air 64
The exchange between the hot drink and the ambient air can be due to natural or forced 65 convection. To understand the airflow, heat and water transfer between a cup of hot drink and 66 air, the simplest way is to consider the similar phenomena occurring above a heated horizontal 67 flat plate. Another way is to consider the cup as a cylindrical obstacle of airflow. A literature 68 review of air flows over a flat plate and around a cylinder is, thus, presented below. 69
Over an isothermal flat plate, a laminar flow is first observed, then after a certain flow length 70 For natural convection, the driving force is the temperature difference between the drink and 86 air, the flow regime is characterised by the Rayleigh number: Ra (warm air flows upward 87 from the drink surface and this air is replaced by cooler air flowing downward from the 88 ambient). For forced convection which may occur in ventilated room, the driving force is air 89 velocity, the flow regime is characterised by the Reynolds number Re. The intensity of heat 90 exchange is characterised by Nusselt number (Nu) which can be related to mass exchange by 91 Lewis analogy. and thermal fields but the solid-fluid thermal conductivity ratio has significant effect only on 126 the thermal field. As our best knowledge, few studies were carried out in the case of partially 127 hollow cylinder which corresponds to a cup partially filled with drink. 128
Our literature study has shown a lack of knowledge on the mechanism of the combined 129 airflow, heat and water transfer around an obstacle applied to the case of a cup of hot drink. 130
To complete this knowledge, this study was carried out. The objectives of this work were, 131 firstly, to develop a methodology of measurement of air velocity field above a cup filled with 132 hot water by PIV (Particle Imagery Velocimetry) and to study the influence of water 133 temperature on air velocity field above the cup. Secondly, to measure the heat transfer 134 coefficient between the water in the cup and the surrounding air. This coefficient determines 135 the water temperature decreasing rate. It is to be reminded that two heat transfer modes take 136 place between the water in the cup and the air: convection and evaporation. The natural 137 convection is related to the temperature difference between water and air, forced convection 138 has also to be considered if the ambient air circulates due to room ventilation. The final 139 practical objective of this work is to optimize the serving manner and the cup design in such a 140 way that the consumer perceives as much as possible the aroma of hot drink. 141
142

II. Material and Methods 143
To represent room condition, the experiment was carried out in a device specifically 145 developed for this study, in which the ambient temperature and velocity were controlled 146 (Figure 1 ). This device is composed of 2 parts. In the part 1, a honeycomb was used over a 147 cross section in order to avoid developing flow effects. In the part 2, the work zone was 148 equipped with two glass walls (front and top). Two fans located at the vertical right hand side 149 wall allow low air velocities in the work zone by air extraction. The work zone is equipped 150 with an anemometer (air velocity sensor), thermocouple (temperature sensor) and hygrometer 151 (air humidity sensor). 152 153
Air velocity field measured by PIV (Particle Image Velocimetry) 154
Oil smoke was use as tracer for the air velocity measurement by PIV. The diameter of smoke 155 particles (∼1 µm, manufacturer data) is very small so that they follow the airflow. 156 Figure 2 shows the 2-Dimensional PIV system (LaVision Company). It is composed of CCD 157 camera (12 bits double matrices of 1376 x 1024 pixels) allowing the acquisition of 2 images 158 successively within a short time interval. The sequence of images taken by the camera is 159 synchronised with the 2 laser impulsions (4 couples of images per second). An instantaneous 160 air velocity field is obtained by inter-correlation of 2 successive images of smoke particles 161 presented in a strongly enlightened plan. In our case, a good velocity estimation could be 162 obtained with 6.5 ms between 2 laser pulses for the image dimension (width x height) of 7.2 163 cm x 8.7 cm. Vector calculation was undertaken from interrogate windows of dimension 32 x 164 32 pixels with 50% of overlap between windows. Thus, there are 16 pixels (∼1 mm) between 165 2 calculated vectors in both horizontal and vertical directions. A mean velocity field was 166 calculated from 700 couples of images. These images were taken on the symmetry plane and 167 just above a black cup (height x diameter = 11 cm x 8 cm) filled with oil or water (10 cm 168 height). This is because the time average velocity vectors belong to this plan. In this way, the 169 effect of 3D pattern is reduced. These thermocouples were tightened on a Plexiglas support (5 ± 0.1 mm space between 177 thermocouples shown in Fig. 3a ). This support was placed at right angle to the airflow 178 direction to avoid the flow perturbation. Because of the very fine thermocouple diameter, 179 airflow was very slightly disturbed by their presence (the thermocouples occupy only 4% of 180 the flow cross-section). In our experiment, the air temperature was measured every second for 181 y varying from 5 mm to 40 mm from the top of the cup while x was fixed at 68.5mm (Fig.  182   3b) . 183 184
Experimental conditions 185
The device was located in a test room with the controlled ambient temperature of 20°C 186
(relative humidity about 60%). The fan tension of 2.5V allowed obtaining an air velocity of 187 about 0.03 m/s in the work zone which is the order of magnitude of the one in a room (Plana-188
Fattori et al., 2014). During experiment, the air velocity near the entrance of the work zone 189 was measured using an anemometer to assure that it was not modified because of the presence 190 of the cup. It is to be reminded that for water at atmospheric pressure and for the temperature range used 231 in our study (35 -65°C), Δh evap is considered to be constant (2.38.10 6 J/kg) because the 232 variation is low in this temperature range (2.35. Table 1 . 246
Taking into account this analysis based on the dimensionless numbers, the airflow, heat and 247 vapour exchange between the drink and the air is expected to be a result of the interaction of 248 several phenomena. Considering the similarity with the flow along flat plate, since Re < 5. shedding behind the cup. Additionally, water evaporates from the surface which contributes to 257 upward gas motion. The natural convection related to the temperature difference between the 258 hot drink and air should be more significant than the forced convection. 259
With the cup of vegetable oil at 20°C, the airflow modification is only due to the presence of 260 an obstacle. In the case of vegetable oil at 65°C, the difference of airflows compared to the 261 one at 20°C is related to the heat exchange by natural convection. This exchange is influenced 262 by the temperature difference between oil and air in the work zone. In the case of hot water at 263 65°C, the airflow is related to the combined heat exchange by convection and evaporation. The cup of oil at 20°C (Fig. 6a) shows the influence of obstacle on airflow. In this case, air 282 flows above the cup with acceleration, first upward (at left) then downward (at right). Just 283 above the liquid surface inside the cup, there is an air recirculation. The recirculation above 284 obstacle was also observed by Martinuzzi and Tropea (1996) . 285 as in the case of oil at 20°C. In this case, one can expect that air flows upward along the cup 287 by natural convection. This can explain why no downward airflow was observed in this case 288 at right. 289
For the cup of water at 65°C (Fig. 6c) , the air recirculation just above the liquid surface 290 disappears while the upward flow is more noticeable. The vertical velocity profiles y v are quite different (Fig. 7b) . Only the case of oil at 20°C 300 shows negative velocity for 0 < y < 4 cm. This is a result of downward airflow behind the cup 301 after the flow above it. When the temperature of the liquid is higher than the one of upstream 302 air, air flows upward because of the effect of natural convection. This effect is more 303 significant for evaporable liquid. 304 305
3.4.
Influence of water temperature on airflow 306
The mean air velocity field for cup filled with water at 35°C, 45°C, 55°C and 65°C is shown 307 in Fig. 8 . The effect of water temperature on the airflow pattern (upward flow) becomes really 308 significant when temperature is higher than 55°C. This can be explained by the non linearity 309 between saturated pressure of water and its temperature. Indeed, at 35°C, for example, the 310 saturation vapour pressure is only about 6 kPa, that means that at the liquid/air interface water 311 vapour represents only 6% of the molar fraction. Therefore the evaporation effect is small. 312
Increasing the temperature from 35°C to 45°C increases the vapour fraction by only 4%. At 313 55°C, the vapour fraction becomes about 16% and a slight modification of flow pattern can be 314 observed. At 65°C, water vapour represents 25% of molar fraction at the liquid/air interface. 315
The evaporation effect becomes obvious. The natural convection effect is due partly to the 316
and partly to molar weight 317
. From 318 the flow pattern at 65°C, it can be expected that aroma compounds can be entrained 319 efficiently by the evaporated water. 320
Air temperature and velocity fluctuations 321
The air temperature measured every second for y=5, 10, 20, 30 and 40mm and x=68.5 mm is 322 presented in Fig. 9 for the cups of oil and water at 65°C. The same variation cycles can be 323 observed for every position. This figure also shows the air velocity magnitude extracted from 324 20 PIV images measured every 0.25s, fluctuations are also observed. This is because of the 325 strong relation between air temperature and velocity when natural convection is the dominant 326 heat transfer mode. 327
The mean and standard deviation of temperature (3600 measurements, duration 3600s) and 328 velocity (800 measurements, duration 200s) are reported in Table 2 . For both cases (oil and 329 water), the air temperature decreases with the height (y) while the air velocity increases. certainly the phenomena more complex and un-periodic. It is to be emphasized that a Fourier 343
Transform was carried out; however, no specific frequency could be identified. This means 344 that these fluctuations are rather random. 345
Heat transfer coefficient between air and water 346
The experimental values of the heat flux (Q) are shown in Table 3 From these results, the cooling rate of a well-insulated cup of hot drink or of a non-insulated 358 cup can be estimated. In the first case, the heat loss is only by convection and evaporation at 359 the top (liquid/air interface, h≈25 Wm -2 K -1 , cf. Table 3 ), the heat loss is about 6W and the 360 cooling rate about 0.35°C/min. In the second case, there are also heat losses through the side 361 walls (h≈10 Wm -2 K -1 ) and the cooling rate is about 1°C/min. 362
Conclusion 363
An attempt was carried out in this study to understand the mechanism of airflow above the 364 cup with the objective to have a quantitative heat and mass transfer analysis and to gain 365 knowledge which will be transposable to indoor aroma compound dispersion in relation with 366 
